Syntheses of metal-containing enzymes often require the participation of accessory proteins. The roles played by many of these accessory proteins are poorly characterized. Klebsiella aerogenes urease, a nickel-containing enzyme, provides an ideal system to study metallocenter assembly. Here, we describe a method for isolating a complex containing urease apoprotein and the UreD, UreF, and UreG accessory proteins. We demonstrate that urease apoprotein in this complex is activated to near wild-type enzyme levels when incubated with nickel ions and high (Ϸ100 mM) concentrations of bicarbonate. Significantly, we also observed nickeldependent activation at physiologically relevant (Ϸ100 M) bicarbonate levels, but only in the presence of GTP. Based on studies involving a nonhydrolyzable analog of GTP, we conclude that nucleotide hydrolysis, not just binding, is required for this process. The critical nucleotide-binding site was localized to UreG on the basis of experiments using a variant complex. These studies highlight the relevance of the UreDUreF-UreG-urease apoprotein complex to nickel metallocenter assembly and explain the previously identified in vivo energy requirement for urease activation.
Urease is a nickel-containing enzyme that acts as a virulence factor in a variety of human pathogens (1) . The crystal structure of the heterotrimeric enzyme from Klebsiella aerogenes reveals the presence of a dinuclear metallocenter [i.e., (2 Ni͞UreA-UreB-UreC) 3 ], where the nickel ions are 3.6 Å apart and bridged by a carbamylated lysine residue and a hydroxide (2, 3) . Assembly of the active site is a surprisingly complicated process (reviewed in ref. 4) . In vitro, a portion (typically Ϸ15%) of urease apoprotein (apourease) is activated by using carbon dioxide and nickel ions (5, 6) , with a CO 2 molecule being incorporated into the protein to form the lysine carbamate metal ligand. In vivo, however, synthesis of K. aerogenes urease requires three accessory proteins (UreD, UreF, and UreG) and is facilitated by a fourth (UreE). These accessory proteins are encoded in the same gene cluster (ureDABCEFG) as the structural genes (7) . UreE is a nickel-binding protein thought to function as a metallochaperone that delivers nickel to urease (8, 9) . The three required accessory proteins form complexes with urease apoprotein including UreD-apourease (10), UreD-UreF-apourease (11) , and UreD-UreF-UreGapourease (12) . The latter species, present in minute amounts in the cell, was suggested to be the key cellular urease activation machinery. An energy requirement for urease activation has been demonstrated by using intact cells (13) . Related to this in vivo finding, the UreG sequence (14) contains a potential nucleotide-binding site, known as a ''Ploop'' motif that appears to be essential for cellular activation (15) . Here, we describe methods to generate UreD-UreFUreG-apourease, detail its nickel-and bicarbonate-dependent activation properties, and report the presence of a second in vitro activation mechanism that requires GTP hydrolysis. We propose that the GTP-dependent activation process is physiologically relevant and explains the known in vivo energy dependence for urease activation.
MATERIALS AND METHODS
Bacterial Strains and Plasmid Construction. All molecular biology methods followed the general methods outlined in Sambrook et al. (16) . Plasmids pKAUG-1 (to express ureG) and pKAUD2Fϩ⌬ureG (to express ureD, ureF, and the urease structural genes) have been described (11, 15) . Plasmid pKAUGT21A, containing the ureG gene altered in the region encoding a potential P-loop motif (changing Thr-21 to Ala), was prepared by isolating the 2.9-kb EcoRI-AvrII fragment from pKAU17T21A (15) , treating with Klenow enzyme to form blunt ends, and religating the ends together. All plasmids were transformed into Escherichia coli DH5␣.
Culture Conditions and Cell Disruption. All cultures were grown in LB broth supplemented with 100 g ampicillin per ml. E. coli DH5␣ cells containing pKAUG-1, pKAUGT21A, or pKAUD2Fϩ⌬ureG were grown at 30°C until 3-5 h after reaching stationary phase. The cells were harvested by centrifugation and suspended in HEDG buffer (25 mM Hepes, pH 7.4͞1 mM EDTA͞1 mM DTT͞10% glycerol). Resuspended cells were disrupted by 2-3 passages through a French pressure cell at 18,000 lb͞in 2 , supplemented with 1 mM PMSF, and separated into extracts and pellet fractions by centrifugation at 100,000 ϫ g for 45 min at 4°C.
Preparation of the UreD-UreF-UreG-Apourease Complex. UreD-UreF-apourease complex and UreG (as well as its site-specifically altered form) were purified according to published procedures (11, 15) , except that HEDG buffers were used in all purification steps. UreG (4-fold excess, native or altered form) was incubated with UreD-UreF-apourease for 12-24 h at 4°C in HEDG buffer. The incubated samples were concentrated and subjected to Superose 6 column chromatography (1.6 ϫ 49 cm; Amersham Pharmacia Biotech) using HEDG buffer to separate excess UreG monomer from the UreD-UreF-UreG-apourease complex. Aliquots were stored at Ϫ70°C to preserve the stability of the complex.
PAGE. SDS͞PAGE was carried out by using the buffers described by Laemmli (17) and included 4.5% and 12.5% polyacrylamide stacking and running gels. Nondenaturing gels used the same buffers without detergent and consisted of 3% and 6% polyacrylamide stacking and running gels. The gels were stained with Coomassie brilliant blue dye. Urease Activity Assays. Urease activities were measured by quantitating the rate of ammonia release from urea by formation of indophenol, which was monitored at 625 nm (18) . One unit of urease activity was defined as the amount of enzyme required to hydrolyze 1 mole of urea per min at 37°C. The standard assay buffer consisted of 25 mM Hepes (pH 7.75), 0.5 mM EDTA, and 50 mM urea. Protein concentrations were determined by using a commercial assay (Bio-Rad) with BSA as the standard.
Activation of Urease Apoprotein. Routine activation buffer consisted of 100 mM Hepes (pH 8.3), 150 mM NaCl, 100 mM NaHCO 3 , and 100 M NiCl 2 (5, 6) . For specific experiments, the conditions were modified by (a) varying the bicarbonate or nickel ion concentrations, (b) adding GTP, GDP, ATP (all from Sigma), or GMP-PNP (Fluka) equilibrated with 2-fold concentrations of Mg ϩ2 , or (c) adding other metal ions to the activation buffer.
RESULTS AND DISCUSSION
Isolation of the UreD-UreF-UreG-Apourease Complex. Using immunological methods, trace levels of UreD-UreF-UreGapourease complex were previously observed in extracts of E. coli cells containing the wild-type K. aerogenes urease gene cluster (12) . Because UreD, UreF, and UreG accessory proteins are essential for cellular synthesis of active urease (7), we proposed that the multicomponent complex is necessary for in vivo activation. We therefore sought a method to enhance the levels of this key activation complex to characterize its properties. Direct overexpression of the ureD, ureF, ureG, and urease structural genes (from plasmid pKAUD2Fϩ, ref. 11) led to the production of a complex containing the desired peptides (M.B.C. Moncrief and R.P.H., unpublished observations); however, the resulting species was clearly distinct from the previously observed UreD-UreF-UreG-apourease complex. For example, the directly overproduced complex appeared to be highly aggregated and failed to migrate into native polyacrylamide gels, in contrast to the defined banding pattern observed for the previously reported species (12) . Also consistent with a lack of physiological relevance, the apoprotein in the directly produced complex was less competent for activation than the apoprotein in UreD-UreF-apourease complex (data not shown).
As an alternative approach to obtain the desired UreDUreF-UreG-apourease complex, we tested whether or not it could be produced by simple incubation of UreD-UreFapourease complex with excess UreG. The UreD-UreFapourease complex yielded three major bands during native gel electrophoresis (Fig. 1A, lane 1, labeled A) arising from the interaction of one, two, or three molecules of UreD and UreF per molecule of trimeric urease apoprotein. This sample also had a minor amount of contaminating GroEL (Fig. 1 A, band B), as described (11) . The addition of UreG afforded new bands ( Fig. 1 A, lane 2 , bands C and D), with those labeled C being identical in position to those reported earlier for UreDUreF-UreG-apourease (12) . Analysis of Coomassie bluestained bands from denaturing gels (Fig. 1B) revealed a peptide ratio in the UreD-UreF-UreG-apourease complex of 0.74-0.99 UreD, 0.81-1.16 UreG, and 0.72-1.07 UreF per UreC.
Nickel-and Bicarbonate-Dependent Activation of UreDUreF-UreG-Apourease Complex. When incubated in typical activation conditions containing 100 M NiCl 2 and 100 mM bicarbonate, the accessory proteins dissociated from the UreD-UreF-UreG-apourease complex to yield the faster migrating free urease (Fig. 1 A, lane 3) . This transformation was accompanied by the generation of active enzyme, with a specific activity ranging from 800 to 1,500 units͞mg. For comparison, activation of urease apoprotein in the UreDUreF-apourease complex using these conditions results in a specific activity of 800 Ϯ 100 units͞mg (11) . The wide variability in activation competence for the different UreD-UreFUreG-apourease samples likely reflected instability of this complex, shown to decompose to form UreD-UreF-apourease and free UreG.
The bicarbonate and nickel ion concentration dependencies for urease activation using the UreD-UreF-UreG-apourease complex were determined, as shown in Fig. 2 . The shapes of these plots closely resembled those reported for UreD-UreFapourease, UreD-apourease, and urease apoproteins (5, 11), but the levels and rates of activation were generally enhanced. For example the activation rate using UreD-UreF-UreGapourease complex incubated with 200 M NiCl 2 (44 units͞mg per min when calculated by using the zero and 25-min time points of Fig. 2B ) was found to be the fastest in vitro urease activation rate yet reported. Activation of urease apoprotein within the UreD-UreF-UreG-apourease complex was not significantly inhibited by incubation with nickel in the absence of bicarbonate, similar to results obtained for UreD-UreFapourease and in contrast to those obtained by using UreDapourease and urease apoprotein (6, 11) . Inclusion of zinc, copper, or cobalt ions in the activation mixture led to an inhibition of the activation process.
GTP-Dependent Activation of UreD-UreF-UreG-Apourease Complex. Although the UreG sequence includes a potential nucleotide-binding site in the protein, prior studies had failed to detect nucleotide hydrolysis by this protein or association between UreG and ATP or GTP (15) . Notably, however, a urease-free complex containing UreD, UreF, and UreG was shown to bind to an ATP-linked agarose resin (15) . These results suggested that the nucleotide-binding properties of UreG may be modulated by the presence of other accessory proteins, and led to studies involving the UreD-UreF-UreGapourease complex.
As shown in Fig. 3 , GTP significantly affects urease apoprotein activation in the UreD-UreF-UreG-apourease complex. In Fig. 3A , the time course for activating urease apoprotein in the complex was compared in the presence and absence of 200 M GTP and using either 100 mM or 100 M bicarbonate. In this experiment, and others to follow, magnesium ions were provided at concentrations 2-fold that of the nucleotides. The presence of GTP had a small, but reproducible, positive effect on urease apoprotein activation when examined at high bicarbonate levels. Of greater significance, inclusion of GTP led to a dramatic enhancement of activity in The nucleotide specificity and concentration dependence was examined by monitoring the extent of activation after 1.5 h in buffer containing 100 M NiCl2, 100 M NaHCO3, and the indicated concentrations of Mg2GTP (s), Mg2ATP (OE), Mg2GDP (F), and Mg2GMP-PNP (). (C) The effect of using a P-loop defective UreG variant (T21A UreG) was assessed. The urease apoproteins in UreD-UreF-UreG-apourease complexes containing the variant protein (0.17 M; s) or native UreG (0.2 M; F) were activated for 1.5 h in the presence of 100 M NiCl2, 100 M NaHCO3, and GTP at the concentrations indicated. In all cases, urease activities were measured as previously described. All results are representative of three separate protein preparations. enhanced activation so as to increase the urease activity from Ϸ100 units͞mg to about 400 units͞mg, the additional presence of 100 M GMP-PNP dropped the final activity to approximately 250 units͞mg. Thus, GTP hydrolysis, not just binding, is needed to enhance apoprotein activation in the UreD-UreFUreG-apourease complex.
Two experiments provide evidence that GTP-dependent effects were associated with UreG within the complex. First, GTP failed to provide any enhancement of activation for uncomplexed apoprotein or apoprotein in the UreDapourease and UreD-UreF-apourease complexes. Indeed, the presence of GTP led to a reduction in activation competence for these species (data not shown) similar to what was seen for the ATP effect on UreD-UreF-UreG-apourease (Fig. 3B) . Second, GTP-dependent activation was observed only in the presence of UreG with a functional P-loop motif (Fig. 3C) . A UreG variant (T21A) altered at a critical residue in the nucleotide-binding site was used to generate UreD-UreFUreG (T21A)-apourease. Whereas a functional P-loop was not required for formation of this complex, the GTP-dependent enhancement of activation was abolished.
Very high levels of GTP are inhibitory to urease apoprotein activation using the UreD-UreF-UreG-apourease complex (Fig. 3C ). This diminishment in activity was not caused by inhibition by contaminating GDP as shown by the absence of effect when using a GTP recycling system. More likely is the possibility that the nucleotide acts by binding nickel ions and reducing the effective nickel concentrations. Consistent with this notion, GTP and other nucleotides have been shown to impair activation of urease apoprotein when uncomplexed and when present in the UreD-apourease or UreD-UreFapourease complexes. Elevated levels of magnesium ions partially alleviated the inhibition by high levels of GTP (data not shown), buttressing this nickel chelation hypothesis. Inhibition of apourease activation by various nucleotides results in the need for an effective delivery system for nickel ions within the cell. In the case of urease metallocenter assembly, the UreE accessory protein appears to serve this function (8, 9) .
Summary and Perspectives. UreD-UreF-UreG-apourease complex is formed by the simple incubation of UreG with UreD-UreF-apourease, and two distinct processes can be used for its activation. In the presence of nickel ions and very high bicarbonate levels (a source of CO 2 ), direct activation converts urease apoprotein in this complex to highly active urease with a specific activity of up to 1,500 units͞mg. This activity matches that typically observed for enzyme purified from recombinant E. coli cells containing the wild-type K. aerogenes urease gene cluster and grown in the presence of 1 mM nickel ions (1,500-1,900 units͞mg; refs. 7 and 19). Furthermore, this value approaches that for wild-type urease isolated from K. aerogenes (2,500 units͞mg; ref. 20) . This direct activation process is unlikely to be biologically significant because of the necessity for high bicarbonate levels. In contrast, a separate GTPdependent process overcomes this requirement. By coupling the energy of GTP hydrolysis to apourease activation, the UreD-UreF-UreG-apourease complex forms active enzyme at low levels of bicarbonate. We suggest that this GTP-dependent activation process is physiologically relevant and could explain the previously described in vivo energy dependence of urease activation (13) . The role of nucleotide hydrolysis in urease activation remains unclear, but two alternatives can be considered. Nucleotide-dependent protein conformational changes are well known (21) , and similar GTP-dependent structural changes of the urease apoprotein complex could be important for increasing nickel ion or carbon dioxide accessibility to the developing active site. Alternatively, the UreDUreF-UreG-apourease complex might use GTP and bicarbonate (not CO 2 ) to synthesize carboxyphosphate. Although this molecule possesses a half-life of less than 70 ms when free in solution (22) , if generated within the complex near the lysine undergoing carbamylation it could function as an excellent CO 2 donor. We used established methods (5) to try to distinguish if CO 2 or bicarbonate was the true substrate for the GTP-dependent activation of urease apoprotein in the UreDUreF-UreG-apourease complex. Unfortunately, clear results were not obtained for two reasons. First, the apoprotein in UreD-UreF-UreG-apourease complex is activated at low bicarbonate levels (presumably by CO 2 ) even in the absence of GTP, and this rate is nearly half that observed in the presence of nucleotide (Fig. 3A) . Second, the sample of UreD-UreFUreG-apourease complex always included some UreD-UreFapourease complex (Fig. 1 A) . Urease apoprotein from the latter complex is activated at low levels of bicarbonate (11) , also presumably by reaction with CO 2 .
The closest parallel to the GTP-dependent process reported here is found in the activation of hydrogenase, another nickelcontaining enzyme. Hydrogenase maturation in E. coli requires a suite of accessory proteins including HypB (23, 24) , a protein sharing 25% identity with UreG. HypB uses a P-loop sequence to bind GTP, whose hydrolysis is required for hydrogenase activation. Similarly, ATP binding to dinitrogenase reductase is needed for incorporating the ironmolybdenum cofactor into Azotobacter vinelandii nitrogenase (25) (26) (27) . Rhodospirillum rubrum CooC (needed for activating carbon monoxide dehydrogenase) (28) and Pseudomonas stutzeri NosF (involved in the synthesis of nitrous oxide reductase) (29) also possess P-loop motifs, suggesting a nucleotide requirement. Further characterization of the GTPdependent activation of urease may provide useful insight into the maturation processes in these other nucleotide-dependent metallocenter assembly systems.
